ABSTRACT: Nonaqueous biocatalysis is rapidly becoming a desirable tool for chemical and fuel synthesis in both the laboratory and in industry. Similarly, ionic liquids are an increasingly popular anhydrous reaction media for a number of industrial processes. Consequently, the use of enzymes in ionic liquids as efficient, environment-friendly, commercial biocatalysts is highly attractive. However, issues surrounding the poor solubility and low stability of enzymes in truly anhydrous media remain a significant challenge. Here, we demonstrate for the first time, that engineering the surface of a protein to yield protein-polymer surfactant nanoconstructs allows for dissolution of dry protein into dry ionic liquids. Using myoglobin as a model protein, we show that this method can deliver protein molecules with near native structure into both hydrophilic and hydrophobic anhydrous ionic liquids. Remarkably, using temperature dependent SRCD spectroscopy to measure half denaturation temperatures, our results show that protein stability increases by 55 °C in the ionic liquid as compared to aqueous solution, pushing the solution thermal denaturation beyond the boiling point of water. Therefore, the work presented herein could provide a platform for the realization of biocatalysis at high temperatures or in anhydrous solvent systems.
Introduction
Ionic liquids, organic salts with melting temperatures typically below 100 °C, are becoming increasingly popular as promising solvents for many industrial processes and various other applications. 1, 2 The major draw for using ionic liquids is their attractive and highly tuneable chemical and physical properties, including high thermal, chemical, and electrochemical stabilities in conjunction with negligible vapour pressures. 2 Recently, the application of ionic liquids in solubilising biopolymers such as cellulose and lignin has paved the way for the development of new technologies to process lignocellulosic biomass. 3 While research into the various applications for ionic liquids has progressed, the use of biocatalysts for a number of purposes has also been gaining ground. [4] [5] [6] [7] [8] [9] [10] Enzymes can perform many industrially relevant reactions under significantly milder conditions than their chemical counterparts. However, the low stability of proteins in nonaqueous environments has limited their widespread applicability to a select few processes. This creates a conflict between low-temperature aqueous processing, where conditions are optimal for enzyme stability and selectivity, and organic solvent or high temperature processing, which favour high substrate solubility and vastly improved reaction kinetics respectively. We aim to resolve this conflict through engineering protein surfaces towards solubility and stability in anhydrous ionic liquid media, providing a platform for high-temperature and nonaqueous bioprocessing.
There have been reported a number of studies concerning proteins and enzymes in ionic liquids. [7] [8] [9] [10] [11] [12] [13] [14] [15] [16] [17] [18] [19] Despite this interest, enzymes are poorly soluble in ionic liquids and tend to be highly unstable in the absence of water. A number of strategies are often employed to counteract this, including solid support immobilization 7, 12 or dilution with large amounts of water, which improves enzyme solubility, 7 but at a potential cost to substrate solubility. Alternatively, novel ionic liquids have been developed that are specifically protein/enzyme friendly. 4, 6, 15, 16, 18 However, the high costs associated with these bespoke ionic liquids will likely limit commercial application. Despite these advances, the water content and low stability still pose problems with respect to industrial applications, as larger use of expensive proteins is coupled with difficult separation of large amounts of water. Furthermore, recent reviews by Naushad et al. 11 and Gao et al. 7 highlight the frequent contradictions that arise when studying the interactions between proteins and ionic liquids, particularly concerning how the chemical nature of the ions affects protein stability and the role of water in this process. As a result, despite the plethora of enzymes available for processes in ionic liquids, there are to the best of our knowledge, no examples of dry biocatalysts solubilized in truly dry ionic liquids. This creates a need to develop new biotechnologies whereby proteins and enzymes can be both solubilized and stabilized in both dry hydrophobic and hydrophilic ionic liquids. This will broaden the scope of biocatalysis in ionic liquids, particularly if water can be excluded and low thermal stability could be overcome, to include the possibility of efficient nonaqueous biopro-Solvent-free liquid proteins are a new class of hybrid material, where surface modification of proteins and enzymes, by introduction of a polymer-surfactant "organic corona", can allow for a protein-rich biofluid, devoid of any solvent. [20] [21] [22] [23] [24] [25] These have recently been shown to preserve the three dimensional architecture of the biomolecule, 20, 21 maintain backbone dynamics as if in water, 22 and retain biological function 23 and enzymatic activity all in the absence of water. 24 Furthermore, these novel fluids significantly increase the thermal stability of the protein/enzyme 20 , and in the case of lipase, enzyme activity was enhanced at temperatures up to 150 °C. 24 Molecular dynamics simulations suggested that the dielectric constant of the organic corona surrounding the protein molecules was similar to polar organic solvents. 25 One potential drawback limiting application of these fluids in their own right is that their viscosity is in the kPa.s range. 23 Mixing these biofluids with ionic liquids would decrease this viscosity, and the enhanced thermal stability of the modified protein would be well complemented by the high thermal stability and negligible vapour pressure of ionic liquids. The low dielectric of the modified surface should be ideal for solubilizing proteins/enzymes in ionic liquids and ought to provide protection from the ions, which can be adept at disrupting hydrogen-bonded structures. 26 Here, we demonstrate our surface modification technique with a model myoglobin system in the presence of several ionic liquids. Specifically, we have synthesized protein-polymer surfactant nanoconstructs, yielding a protein rich biofluid that, to the best of our knowledge, exhibits the first example of high solubility of a dry protein in both hydrophilic and hydrophobic ionic liquids. Thermal stability of the modified myoglobin increases by 55 °C in ionic liquid solution as compared to aqueous solutions, demonstrating a positive impact of the ionic liquid on the modified protein's stability. Our results demonstrate that engineering the surface of a protein favourably alters the manner in which it interacts with ionic liquids. This could be a general pathway to realization of ionic liquid soluble proteins and enzymes with high thermal stability, leading to the development of biocatalysts for myriad non-aqueous bioprocessing opportunities.
Materials and Methods

Preparation of protein-polymer surfactant biofluids
Protein-polymer surfactant nanoconstructs were prepared using established methods. 23 Briefly, N,N′-bis(2-aminoethyl)-1,3-propanediamine (Sigma, UK) was coupled to the aspartic and glutamic acid residues of equine skeletal muscle myoglobin (Mb -Sigma, UK) via carbodiimide activation. The resultant C-Mb solution was dialysed against deionized water for 48 h and filtered using a 0.22 µm syringe filter. This solution was then added to a neutralized solution of the surfactant ethylene glycol ethoxylate lauryl ether (M n ~ 690 g.mol -1 -S -Sigma, UK) and stirred for 12 h to produce the [C-Mb][S] nanoconstruct. This was dialysed against deionized water for 48 h to remove unbound S, and then freezedried to yield a light brown powder that formed the solvent-free biofluid after thermal annealing.
Synthesis of ionic liquids
For the ionic liquid synthesis, all reagents were bought from Sigma UK, dried over P 2 O 5 , and with purified further as necessary. . This was to ensure that mean residue ellipticity could be reasonably calculated. Spectra were deconvoluted to estimate secondary structure content with the DICHROWEB service using the SP175 dataset, and the CDSSTR analysis program. [27] [28] [29] Errors presented for the secondary structure for the solvent-free and ionic liquid solutions account for potential variation in film thickness between samples. Thermal denaturation of [C-Mb][S] samples (aqueous, solvent-free, and ionic liquid) were performed using the above parameters. Solvent-free and ionic liquid samples were measured in the temperature range 0 -210 °C with spectra recorded every 10 °C. Aqueous samples were measured in the temperature range 25 -95 °C with spectra recorded every 5 °C. Heating rate was set to 100 °C.min -1 and samples were equilibrated for 2 minutes before spectra were recorded.
FTIR spectroscopy was measured using a Perkin Elmer Spectrum 100 fitted with a Specac attenuated total reflection (ATR) accessory. Spectra were recorded as accumulations of 8 scans with a bandwidth of 2 cm -1 .
Results and Discussion
Conjugation of myoglobin (Mb) cationized with N,N′-bis(2-aminoethyl)-1,3-propanediamine (C-Mb) with the surfactant glycolic acid ethoxylate lauryl ether (S) yielded a protein-polymer surfactant construct [C-Mb] [S] with a stoichiometry of 84 surfactant molecules per protein (SI Fig. 1 ). Upon dehydration and thermal annealing, this formed a dark brown-red, protein rich, solvent-free biofluid with a melting temperature of 27 °C (amorphoussolid to liquid transition, SI Fig. 2) . The solvent-free liquid was soluble in water and polar organic solvents such as ethanol. Importantly, the protein-polymer surfactant conjugates were highly miscible (solubility of >50 wt%) with both hydrophilic ( construct. This is significantly fewer than the 526 water molecules to cover the accessible surface area of Mb, and fewer than the 60 required as a "lower limit" for protein motion. 20 As a result, although there is residual water present, the systems can be affectively thought as being water free. This demonstrates that modifying the protein surface to form the solvent-free biofluids increased the solubility of the dry protein in anhydrous ionic liquids, yielding the first example (to the best of our knowledge at time of writing) of a soluble protein solution in the near total absence of water. Overcoming these solubility issues minimized protein aggregation in the hydrophilic ionic liquid, and allowed for the introduction of protein into the more hydrophobic [NTf 2 ] system, which has not previously been demonstrated. (Fig. 2b) . This is in broad agreement with the UV/Vis spectra, demonstrating that the global conformation of Mb is maintained even in the anhydrous ionic liquids. The presence of highly conserved Mb structure was confirmed using synchrotron radiation circular dichroism (SRCD), which showed negative peaks at 222 nm and 208 nm with a positive peak at 195 nm for [C-Mb][S] in the ionic liquid, solvent-free, and aqueous environments (Fig. 2c) . These peak positions are highly indicative of a predominantly α-helical structure of [C-Mb][S], agreeing well with the ATR-FTIR spectra. The SRCD spectra revealed quite significant changes in the structure content of [C-Mb] [S] between the aqueous and nonaqueous environments. Dehydration of aqueous [CMb] [S] nanoconjugates to yield the solvent-free liquid caused a reversal in the ratio of the negative features at 208 nm and 222 nm, where the increase in the 222 nm intensity suggested an increase in α-helical structure. This was confirmed through deconvolution of the spectra using the DICHROWEB service, [27] [28] [29] which showed that there was indeed a moderate increase in α-helix content from 51 % to 54 % upon dehydration (Table 1) . Table 1 . Estimated secondary structure content as determined from SRCD spectra in Fig. 2c using (Table 1) .
Increasing α-helix content was concomitant with a decrease in the unordered content, suggesting that the ionic liquids were inducing α-helix formation and therefore increasing structure, relative to both the aqueous and solvent-free protein states. It must be noted that the structure of aqueous [C-Mb][S] represents a destabilized form of Mb (51 % α-helix content compared to 72 % α-helix content for native Mb -SI Fig. 3 , SI Table 1 ) due to the cationization process causing a destabilization of the native myoglobin state, such that a shift to a molten globule state occurs as described previously. 20 Therefore, the significant increase in secondary structure observed in the anhydrous ionic liquid solution could be justified as an ionic liquid-induced reformation of the native Mb global fold, as opposed to forming a new, nonnative structure. This structuration of the sections of unordered backbone of [C-Mb][S] suggests that the ionic liquids act as helix enhancing solvents, restoring the structure of the modified protein toward that exhibited in the unmodified state, consistent with polar organic environments such as those containing fluoroalcohols. [30] [31] [32] Furthermore, these observations suggest that the OTf -anion was able to interact with the biomolecule with greater effect than NTf 2 -, as may be expected given the greater hydrogen bond basicity (β) of OTf -. 33 Additionally, from a Hofmeister perspective, OTf -should provide greater stability than NTf 2 -, and here that trend remains. 19 However, it is worth noting that according to the overall Hofmeister series, both of these anions ought to be destabilizing. In the anhydrous solutions however, we see significant stabilization of the protein fold, potentially highlighting the limitations of the series at high ionic liquid concentrations (and here in the anhydrous ionic liquid).
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The interactions involved are therefore more complex, and given the presence of the surfactant coronal layer, it is likely that the relative molecular bulk and lower charge density of NTf 2 -as compared to OTf -, may also affect interactions with the protein surface. It is often accepted that anions with high β values and nucleophilicities interact strongly with protein surfaces and destabilize them. 7, 11 As a result, it is often assumed that proteins are stabilized by an absence of these interactions. However, the results presented here indicate a more subtle picture where favourable interactions between ionic liquid anions and proteins can arise and promote structural integrity.
It is interesting to note that protein structuration only occurred under anhydrous conditions. SRCD spectra of aqueous solutions of Mb showed structure decreasing with increasing concentration of [bmpy] [OTf] (Fig. 3a) , in line with observations of proteins in organic solvents, where low levels of water can often be destabilizing. 34, 35 Although there was no increase in structure with ionic liquid concentration, modification of the protein did provide some protection against these effects, as the structure of [C-Mb] [S] only decreased at high (80 %) ionic liquid concentrations (Fig. 3b) . This becomes more apparent using a plot of the mean residue ellipticity at 222 nm as an indication of secondary structure (Fig. 3c) . Although [CMb] [S] is in the aforementioned destabilized molten globule state, more structure remained at high ionic liquid concentration than for the native protein, demonstrating that the surfactant corona around the modified protein provides protection from the otherwise denaturing effects of the ionic liquid. This moderate level of structure preservation observed for , temperature dependent SRCD spectra were recorded to assess whether this translated to an increase in thermal stability of the modified protein when solubilized in the ionic liquids (Fig. 4) relative to the solvent-free state. Increasing the temperature from 0 °C to 210 °C saw progressive reductions of the intensity of the spectral features at 222 nm, 208 nm, and 195 nm indicative of thermal denaturation occurring over a large temperature range (Fig. 4a,b) . This showed that in pure ionic liquids, [C-Mb] [S] was dynamically free enough to sample the conformations required to unfold, even at low (<30 °C) temperatures. Furthermore, the presence of an isodichroic point at 204 nm suggests that the denaturation process occurred via a two-state transition from a native state to a denatured state. With this in mind, the SRCD data was used to construct a plot of fraction denatured (f D ) against temperature (Fig. 4c) Table 2 ). The former results are in agreement with previous findings 20, 21, 24 that dehydration to form the solventfree liquid increased the thermal stability of the protein. However, the latter results reveal that even generic ionic liquids can further enhance this stabilization, despite an increase in translational entropy offered by the lower protein concentration, mirroring the observed increases in secondary structure (Fig. 2c, Table 1 ). This indicates that the ionic liquids are interacting favourably with the protein, causing an increase in stability that is a direct response to the increase in secondary structure. Concurrently, stabilization was marginally lower when the anion was NTf 2 -, signifying that the hydrophobicity of this ion may offset some of the stability gains conferred by the surfactant corona. Alternatively, in agreement with the increase in secondary structure seen with the OTf -anion, the strength of interaction between the anion and protein may be playing a role. Thermal stability in the ionic liquids appears to be associated with a decrease in the cooperativity of the unfolding, as evidenced through a shallowing of the slope of the unfolding curve (Fig. 4c) , indicating that the ionic liquid induced structuration of [CMb] [S] came at a cost to protein flexibility, exacerbating the relatively noncooperative unfolding of the moltenglobule like structure. This suggests that the observed increase in structure was not a return to the compact globule associated with Mb, but rather that the ionic liquid may cause a shift in the mechanism of unfolding toward multi-state denaturation. Unfortunately, the resolution of CD spectroscopy is not sufficient to establish this absolutely and therefore a more detailed atomistic approach is necessary to confirm this hypothesis. (Table 2 , SI Fig. 8 ). Given the negligible change in enthalpy between the ionic liquid and aqueous solutions, the observed stabilization of the protein in the ionic liquids was entirely due to a reduction in entropy. This is in broad agreement with the decrease in cooperativity of the transition, and serves as evidence that increased protein stability in the ionic liquid was not result of any increase in favourable interactions within the protein. Fig. 9 ), showing that in the absence of any solvent the situation is much more complex. Any enthalpic gains from the increased strength of stabilizing interactions within the protein in the absence of solvent were offset by the conformational freedom of the protein within the surfactant-coronal layer. Since myoglobin has a propensity to occupy a molten globule state, engineering the surface in the manner reported herein causes such a change. 20 It is therefore plausible that increased stability upon transferring the protein from an aqueous phase to an ionic liquid phase may be a consequence of this unusual molten globule structure. However, given that previous results indicate that modifying more robust enzymes such as lysozyme or lipase give greater stabilities than the myoglobin system 21, 24 , we believe that the ionic liquid stability will be transferable.
In light of possible changes to the unfolding pathway of [C-Mb] [S] in the ionic liquid, reversibility of denaturation was probed using UV/Vis spectroscopy ( (Fig. 5a ). This indicates a change in the global conformation of myoglobin consistent with partial denaturation. On cooling to 25 °C, the Soret band sharpened and returned to 412 nm with a >90 % recovery in intensity. This demonstrates that in the ionic liquid solution, the protein was able to recover the structure lost at high temperatures, consistent with the high thermal stability observed using SRCD (Fig. 4) . Furthermore, once in a (partially) denatured form, the protein was able to refold to its previous structure. This was repeated with [bmpy][NTf 2 ] as the ionic liquid (Fig. 5b) . On heating to 95 °C the Soret band once again reduced in intensity and underwent a blueshift from 413 nm to 408 nm, indicating a change to a more denatured structure, albeit slightly more structured than for [C-Mb] [S] in [bmpy] [OTf] . Upon cooling to 25 °C, there was again a >90 % recovery in the Soret intensity, with the peak position returning to 413 nm, indicating structural recovery in the more hydrophobic ionic liquid. These results are in broad agreement with the SRCD data (Fig. 4) , demonstrating further that [C-Mb] [S] has a high thermal stability in ionic liquids, and also that the protein is able to refold from a partially denatured state, in both hydrophilic and hydrophobic ionic liquids. This indicated that despite apparent constriction of the protein in the ionic liquids, as evidenced through the small changes in entropy on denaturation, the protein was still able to sample multiple conformations. Therefore, introduction of a coronal layer provides an interface between the protein surface (both native and denatured) and the ionic liquid, allowing for reversible perturbations in global conformation. 
Conclusions
Here, we have demonstrated that surface modification of myoglobin, yielding the solvent-free liquid [C-Mb] [S], can be used as a platform to successfully solubilize the protein in both hydrophilic and hydrophobic ionic liquids in the absence of water. Spectroscopic methods (UV/Vis, SRCD, FTIR) establish that there has been preservation of the secondary and tertiary structures of the protein, with significant structuration of the protein occurring, particularly in the case of [bmpy] [OTf] . This signifies that the ionic liquids are an environment highly conducive towards protein stability, and SRCD measurements confirmed that thermal denaturation occurs over a large temperature range. With a denaturation temperature of 113 °C, some 55 °C higher than that in aqueous solutions, we were able to show that modification of myoglobin not only increased solubility in ionic liquids, but allowed for a thermal stability surpassing what is possible in water. Thermally induced unfolding and subsequent refolding from 95 °C reinforced that the modified protein was robust towards both the ionic liquid medium and thermal stresses. Using a two state model of denaturation, the increase in thermal stability from the aqueous to the ionic liquid phase appeared to be the result of decreasing entropy of denaturation. We attribute this to subtle solventinduced changes in the unfolding mechanism, resulting in lower cooperativity of the transition. This is possibly a direct manifestation of a putative molten globule state of [C-Mb] [S], although a more complex set of interactions between the ionic liquid and the protein is also possible. The net result of high thermal stability, with reversible unfolding indicates that the forces stabilizing protein structure, as well dynamic flexibility, can be well maintained in, and even enhanced by, ionic liquids.
We have shown that through modification of the surface of myoglobin, it is possible to greatly increase solubility of the dry protein in dry ionic liquids. The resulting protein rich fluids have highly conserved protein architecture, and high thermal stability. The synthetic procedure has previously been shown to be very versatile, with solvent-free biofluids of a number of proteins, 21, 23 enzymes, 24, 36 and viruses 37 having been reported. In combination with the results presented herein, we propose that this biotechnology could provide a platform for the realization of highly soluble ionic liquid and temperature stable enzymes, providing pathways for improved biocatalysis in ionic liquids and generally homogeneous biocatalysis in anhydrous systems. As a result, we have begun a research program investigating the stability and function of industrially relevant enzymes such as lipase, β-glucosidase, xylanase, and laccase in ionic liquids.
ASSOCIATED CONTENT
Supporting Information. Thermal analysis, aqueous SRCD spectra, thermal denaturation plots, calculated free energy plots. This material is available free of charge via the Internet at http://pubs.acs.org..
AUTHOR INFORMATION
Corresponding Author *j.hallet@imperial.ac.uk.
Author Contributions
The manuscript was written through contributions of all authors. All authors have given approval to the final version of the manuscript.
